Abstract: Environmental pollution, especially air pollution, is an alarming issue for the public, which is extensively debated among academic scholars. During the winter heating season, "smog" has become somewhat a normal phenomenon to local residents' livelihood in northern China. Based on the daily air pollution data of regional cities in China from 2014 to 2016, and using a regression discontinuity design (RDD), the study finds that winter heating makes the air quality worse in the northern part of China. With the start of the winter heating, it increases the Air Quality Index (AQI) by 10.4%, particulate matter smaller than 10 µm (PM10) by 9.77%, particulate matter smaller than 2.5 µm (PM2.5) by 17.25%, CO by 9.84%, NO 2 by 5.23%, and SO 2 by 17.1%. Furthermore, dynamic changes demonstrate that air quality has gradually improved due to a series of heating policy changes implemented by the central government in recent years. Specifically, from 2014 to 2016, major indicators measuring the air pollution decrease dramatically, such as AQI by 92.36%, PM10 by 91.24%, PM2.5 by 84.06%, CO by 70.97%, NO 2 by 52.76%, and SO 2 by 17.15%.
Introduction
Air pollution has become one of the greatest environmental problems faced by society today, causing enormous undesirable effects. According to the World Health Organization (WHO), "as the world gets hotter and more crowded, and engines continue to pump out dirty emissions, and half the world has no access to clean fuels or technologies (e.g. stoves, lamps), the very air we breathe is growing dangerously polluted: nine out of 10 people now breathe polluted air, which kills seven million people every year. The health effects of air pollution are serious-one third of deaths from stroke, lung cancer and heart disease are due to air pollution" (https://www.who.int/air-pollution/newsand-events/how-air-pollution-is-destroying-our-health). The increase of concentrations of suspended particulate matter such as PM2.5 in the haze has significantly decreased the level of happiness and health of human [1] [2] [3] [4] ; they also cause neonatal health problems [5] , increase the cancer risks [6] , and elevate the risk of infantile autism and asthma attacks [7, 8] . Air pollution also damages firm performances [9] , agricultural production [10] , and even affects the growth of urban trees, which can the central government has been implementing a series of heating policy changes; therefore, to a certain degree, our study contributes to evaluating the effectiveness of these policies and provides a few suggestions on the current environmental protection policies. Although the study focuses on the winter heating problem of China, it also provides guidance regarding environmental governance for other developing countries, especially those with heavy air pollution caused by coal burning. 10 10 Data source: Ambient air quality standards (GB 3095-2012 Revision). Level 1 standard is applicable to the special areas such as nature reserves and scenic sites. Level 2 is applicable to residential, cultural, commercial, industrial, and rural areas.
Methodology and Data Sources
Winter heating in northern China has a boundary line of the Huai River. It covers 17 provinces, municipalities, and autonomous regions that specifically include the municipalities of Beijing and Tianjin, the provinces of Hebei, Shanxi, Liaoning, Jilin, Heilongjiang, Shandong, Shaanxi, Gansu, Qinghai, Jiangsu (partial area), and Henan (partial area), and the autonomous regions of Inner Mongolia, Ningxia Hui, Xinjiang Uygur, and Tibet. To increase the heating efficiency as well as reduce the total amount of air pollution, China has implemented the centralized heating system since the 1950s. Heating devices are installed inside of the houses and public buildings in accordance with the uniformed central heating development plan. Compared with combined heat and power (CHP), boiler heating has been developed earlier with technology that is more modern; therefore, it has become the most important heating method in northern China. Meanwhile, due to the high expense of natural gas, electricity, and other types of clean energy, coal remains the main heating fuel in China [38] . Since 2003, more than 300 cities in the north have set up the coal-fired heating arrangements. Figure 1 illustrates the quantity of raw coal used for urban heating from 2008 to 2016. We can observe a gradual increase in the coal consumption together with China's rapid urbanization. Further, the heating area has also increased at an average annual rate of 14.7% during the period from 1993 to 2013 [38] . The winter heating period usually lasts four months: from November to March. This time span can vary from different cities. For instance, Shenyang, the capital city of Liaoning Province, usually starts heating in the end of October and stops in the end of March.
This study investigates the impact of urban winter central heating on the air pollution using a RD design. In recent years, the instrumental variable (IV), difference-in-differences (DID), and RD design have been widely used in the applied economic research. Compared with IV and DID, RD is more similar to a random experiment, and therefore is considered to be the most reliable quasi-experimental method to evaluate the program or policy effects [41, 42] . The policy rule assigns individual subjects to the "treatment" group. To be specific, in our study, the implementation of winter heating complies with the heating period set by local governments. After the heating starts, outcome variables such as air quality will be assigned to the "treatment" group. This study investigates the impact of urban winter central heating on the air pollution using a RD design. In recent years, the instrumental variable (IV), difference-in-differences (DID), and RD design have been widely used in the applied economic research. Compared with IV and DID, RD is more similar to a random experiment, and therefore is considered to be the most reliable quasiexperimental method to evaluate the program or policy effects [41, 42] . The policy rule assigns individual subjects to the "treatment" group. To be specific, in our study, the implementation of winter heating complies with the heating period set by local governments. After the heating starts, outcome variables such as air quality will be assigned to the "treatment" group.
Econometric Model
Our RD design aims to test whether the winter central heating has caused a discontinuous change in the air quality in the north of China. Specifically, following Chen et al. [36] and Ebenstein et al. [37] , the estimation equation (Equation (1) 
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Econometric Model
Our RD design aims to test whether the winter central heating has caused a discontinuous change in the air quality in the north of China. Specifically, following Chen et al. [36] and Ebenstein et al. [37] , the estimation equation (Equation (1)) is as follows:
where i is a regional city, t refers to the year, and j is a particular day. Y ijt represents different indicators measuring air pollution. Following Imbens and Lemieux [43] , D ijt is a discontinuity dummy variable that is equal to 1 if the city i has started winter heating on that day; otherwise, it is valued at 0. To assess the impact of winter heating more accurately, our study strictly limits the period to 30 days before/after the heating starts. Following Chen et al. [38] and Li et al. [39] , we further choose X ijt as the control variable. X ijt represents a vector of covariates, which may also affect air pollution such as weather, wind direction, and so on. Following Gelman and Imbens [44] ,S(·) is a second-order polynomial in the days before and after the heating starts, while year t is the year fixed effect, city i is the city fixed effect, and ε ijt is the random disturbance.
Data Sources
This study utilizes the RD design to probe the influence of winter heating policy on the air pollution. Therefore, dependent variables are the indicators measuring air pollution, especially consisting of AQI (Air Quality Index), PM10 (Particulate matter smaller than 10 µm), PM2.5 (Particulate matter smaller than 2.5 µm), SO 2 (sulfur dioxide), CO (carbon monoxide), NO 2 (nitrogen dioxide), and so on. The data are collected from the National Urban Air Quality Real-Time Release Platform of the China National Environmental Monitoring center (http://www.cnemc.cn/). A larger value of the variable indicator implies more serious air pollution. Controlling variables (covariates) include temperature, wind strength, and so on. These data are from the weather website (http://lishi.tianqi.com/). The above are daily data from the period between 2014-2016, which were collected via web scraping with Python.
We also collected the real winter heating start dates of 76 cities of the north 17 provinces, municipalities, and autonomous regions. These data are from the local municipal government official websites. Usually, local governments schedule the heating date of their own cities. However, the starting date of winter heating could be adjusted a bit according to the local temperature changes. Therefore, our study sets the RD design based on the real starting date of winter heating rather than the scheduled one. Descriptive statistics for variables are presented in Table 2 . Wind strength values are from 0 to 8 according to the reported wind strength of that day, where 0 means breeze, 1 means wind strength level 1, and so forth. The wind direction equals 1 if there is a reported wind direction; otherwise, it is 0. Weather type will be coded as 0 when it is rain or snow, 1 when it is a sunny day, 2 when it is a cloudy day, or 3 when it is foggy.
Empirical Results

Balance Test
One necessary assumption of RD design is that relevant covariates change smoothly, while dependent variables exhibit discontinuous changes over the cut-off point changes; (c) Wind Direction changes; (d) Weather Type changes. Point 0 on the horizontal axis is the cut-off point, representing the starting date of winter heating. The left and right to point 0 refer to the days before/after heating starts. The vertical axis represents the indicator values of weather covariates (temperature, wind strength, wind direction, and weather type). Red and blue circles are the mean values of the relevant weather covariates on two sides of the cut-off point. The middle blue line is the fitting line. The upper and lower green lines show the 95% CI. From Figure 2 , we found that the weather covariates, such as temperature, wind strength, wind direction, and weather type, change smoothly on the two sides of the starting date of winter heating. In Figure 3 , we observe a distinct discontinuous change in the air pollution variates over the cut-off point. Thus, Figure 3 provides the evidence of the validity of the application of a RD design.
Regression Results
First, we estimate the impact of central heating on air pollution with ordinary least squares (OLS), and Table 3 reports the results. The independent variable D is a dummy variable that is equal to one if the city i has started winter heating on that day; otherwise, it is valued at 0. The control variables are identical, as listed in Table 2 . The regression results suggest that winter heating deteriorates the air quality in the north. Table 4 demonstrates the results from RD estimation equations. Comparing Table 3 and 4, we find that the estimated coefficients are generally larger from the OLS regression than from RD design. Subject to omitted variables bias, results from OLS may overestimate the impact of winter heating on the air quality. Table 4 shows that the implementation of winter heating policy increases AQI, PM10, PM2.5, SO 2 , CO, and NO 2 at a 1% significance level. Specifically, the winter heating policy leads to an increase of AQI by 10.4%, PM10 by 9.77%, PM2.5 by 17.25%, CO by 9.84%, NO 2 by 5.23%, and SO 2 by 17.1%. Note that these basic results still hold in models with control variables (covariates) and using different polynomials.
Our empirical findings indicate that winter heating worsens the air quality in the north, which is consistent with the existing research [35] [36] [37] [38] [39] 45, 46] . However, our estimated results are lower than those of other studies; for instance, Almond et al. [35] ascertained that the concentration of total suspended particulates (TSPs) increased by about 300 mg/m 3 in the north of China with the sample data from 1991 to 1993. Chen et al. [36] used the data from 1981 to 2001 and found that the TSPs concentration increased by 184 µg/m 3 in the winter heating season. Xiao et al. [45] used aerosol optical depth (AOD) to measure the concentration of PM2.5, and found that air pollution in the heating season in the north was five times higher than that in non-heating season. Using the data from 2003 to 2012, Ebenstein et al. [37] pointed out that winter heating made the concentration of PM10 increase 27-32 µg/m 3 , compared with the 12-15 µg/m 3 estimated by our study. Chen et al. [38] noted that winter heating aggravated haze pollution by 20% based on 39 cities in northern China during a period from 2013 to 2014. Li and Cao [39] found that the concentrations of PM10, PM2.5, CO, NO 2 , and SO 2 rose by 14.73%, 26.79%, 20.85%, 30.45%, and 74.10% respectively in the heating season based on the data from 2013 to 2015. Liang et al. [46] illustrated that central heating led to an increase of the PM2.5 concentration in Beijing by about 50% from 2010 to 2015.
The lower estimated results could be attributed to the sample data and research design used in our study. First, compared with the previous works using year panel data, our study adopted the daily panel data. Subsequently, our study further controls the other determinants of haze pollution such as weather, temperature, wind direction, and so on, to better solve the omitted variable bias. In addition, compared with OLS, the RD design is more rigorous to identify the policy effect. Therefore, the RD design used in our study could estimate a more accurate result. Finally, ever since 2013, China has aggressively implemented a series of environmental protection measures such as fuel switching from coal to natural gas or electricity and a wide application of air pollution control equipment to tackle the air pollution caused by winter heating. Using the dataset from 2014-2016, our estimated results imply that the winter air quality has been gradually improved, and the current measures are effective to some extent.
Robustness Test
We additionally conduct three alternative approaches to cross-check the credibility of our findings. Specifically, they are a pseudo-heating time RD design, pseudo-location RD design, and placebo test. In our study, the pseudo-heating time refers to choosing a new date as a pretend heating start date and testing whether there is a discontinuity in the air pollution variates. The pseudo-location RD design means implementing an RD based on the sample from areas where there is no such winter heating. In the placebo test, we choose ozone as the placebo variate, since the combustion of coal has no effect on the ozone emission.
Pseudo-Heating Time RD Design
To explore the robustness of the basic results, we select a different date to replace the real start of heating as the new cut-off point. In this way, we conduct a pseudo-heating time RD design to examine whether the air pollution variates still demonstrate discontinuous changes. The new cut-off point could be either before or after the real start of winter heating. To be specific, our study selects two alternative cut-offs: 14 days ahead of and behind the real heating date. The results are illustrated in Figures 4 and 5 , using the same RD design as shown in Figure 3 . time). The vertical dotted line is the constructed pseudo-heating time cut-off, which is two weeks (14 days) earlier than the real heating date. Point 0 on the horizontal axis represents the real winter heating date. The vertical axis represents the indicator values of air pollution variates (AQI, PM10, PM2.5, SO2, CO, and NO2). Red and blue circles are the mean values of the relevant variates on two sides of the pseudo-heating time. The middle blue line is the fitting line. The upper and lower green lines show the 95% CI. Figure 4 sets the cut-off as 14 days ahead of the real winter heating, and in Figure 5 , the cut-off point is 14 days later behind the heating date. However, from neither Figure 4 nor Figure 5 can we verify a distinct discontinuity on the air pollution variates, as observed in Figure 3 . Consequently, it supports our previous findings on the impact of the heating policy.
Pseudo-Location RD Design
The winter heating policy has only been implemented in the north of China. If the sample data were from cities in the south where there is no such policy, then when we continue to use the winter heating date as the cut-off point, we should not observe any "jump" in the air pollution variates, as shown in Figure 3 . In the study, we choose the sample data from cities in two southern provinces (Guangxi and Hainan) to implement the same RD design. Compared with Figure 3 , Figure 6 does not exhibit an obvious discontinuity on air pollution variates, and supports our previous finding that the winter heating policy makes the air condition worse in the north.
Placebo Test
The main components of coal are carbon, hydrogen, oxygen, nitrogen, sulfur, and so on. It does not contain substances of CFCs (chlorofluorocarbon). In general, coal burning will not affect the ozone emission. Therefore, in the placebo test, we use the same RDD estimation equation model and independent variables as shown in Table 3 . The results are presented in Table 5 . It proves that winter heating does not significantly influence the ozone emission and the results are qualitatively unchanged by adding controlling variables and using different polynomials. These findings contrast sharply with those in Table 3 , hence further evidencing the credibility of our research conclusion.
The Figure 6 does not exhibit an obvious discontinuity on air pollution variates, and supports our previous finding that the winter heating policy makes the air condition worse in the north. 
The main components of coal are carbon, hydrogen, oxygen, nitrogen, sulfur, and so on. It does not contain substances of CFCs (chlorofluorocarbon). In general, coal burning will not affect the ozone emission. Therefore, in the placebo test, we use the same RDD estimation equation model and independent variables as shown in Table 3 . The results are presented in Table 5 . It proves that winter heating does not significantly influence the ozone emission and the results are qualitatively unchanged by adding controlling variables and using different polynomials. These findings contrast sharply with those in Table 3 , hence further evidencing the credibility of our research conclusion. Table 5 . The RDD analysis of ozone (placebo effect test). 
Dynamic Changes of Air Pollution Caused by Winter Heating
Winter heating deteriorates the air pollution and is associated with a reduction in life expectancy [31, 32] . Therefore, in recent years, the Chinese government has actively explored various measures to combat the winter air pollution problem. In 2011, China's State Council established its Twelfth Five-Year Plan (2011-2015) for energy conservation and emission reduction gradually reducing coal consumption and speeding up the pace of energy transformation. In 2016, the State Council further issued the Thirteen Five-Year Plan (2016-2020), stressing that by 2020, China will cut its energy use per unit (10,000 CNY) of gross domestic product by 15% compared with that of 2015 (both using 2005 price levels), and rein in its energy consumption to within 5 billion tons of standard coal. The proportion of coal consumption will drop to 58% of the total primary energy consumption. The total emission of chemical oxygen demand, ammonia nitrogen, sulfur dioxide, and nitrogen oxide will be controlled within 20.01, 2.07, 15.8, and 15.74 million tons, respectively.
Regarding the particular measures taken, China released a series of environmental protection policies, such as the projects of fuel switching from coal to natural gas or electricity. Governments also strengthened the environmental inspection during winter heating, expedited the technical upgrading of highly polluting enterprises and a wide application of air pollution control equipment, and imposed restrictions on the production of polluting enterprises on the days with high levels of air pollution.
Are the above-mentioned policies effective in reducing the air pollution caused by winter heating? By answering this question, we can not only give some guidance for China's future environmental governance, but also provide a reference to other coal-based energy-consuming developing countries. Meanwhile, as the largest developing country in the world, China produces 26% of the global carbon emissions, and effectively reducing China's toxic air pollution can enormously contribute to the conservation of the global environment.
Follow the latest research [35] , our study divides the total sample dataset into three sub-samples by the year, and uses the identical RD equation model as shown in column 3 of Table 4 . The detailed results are presented in Table 6 . Note: Robust SEs clustered on cities in parentheses. *, **, and *** indicate significance at 10%, 5%, and 1%. Omit the constant coefficient.
Based on the sub-sample results, we find that the air pollution caused by winter heating has been gradually lowered. For instance, the regression result from 2014 shows that winter heating positively influences the value of AQI at a 1% significance level. However, according to the regressions from 2015 and 2016, the coefficient becomes smaller by the year, and it is not statistically significant.
Next, winter heating is also positively related with PM10 at a 1% significance level based on the sample of 2014. The regression from 2015 shows that the relation between winter heating and PM10 is significant at the 10% level and the coefficient is 8.238 compared with 27.50 in 2014. The 2016 results show that the coefficient is getting even smaller without statistical significance. Similar findings are also in the dynamic results of PM2.5 and CO. Regarding NO 2 and SO 2 , overall, the regression coefficients are smaller in 2016 compared with those in 2014, in spite of some fluctuations over the three years.
The above analysis demonstrates that air pollution caused by winter heating has gradually been lowered since a series of fuel-switch projects were carried out. Particularly, during the period from 2014 to 2016, major indicators measuring the air pollution decreased dramatically, such as AQI by 92.36%, PM10 by 91.24%, PM2.5 by 84.06%, CO by 70.97%, NO 2 by 52.76%, and SO 2 by 17.15%.
In addition, based on the previous research findings that a 10 µg/m 3 increase in PM10 can reduce life expectancy by 0.64 years [32] , our study also discovers that relevant environmental protection policies effectively alleviate the side effect of air pollution on people's health condition and life expectancy reduction caused by inhaling PM10 drops from 1.76 (according to sample data of 2014) to 0.15 years (sample data of 2016).
Conclusions
Due to the acceleration of industrialization and urbanization in recent years, air quality continues to deteriorate in China, resulting in increased threats to human health and sustainable economic development. Since 2013, several large-scale and long-duration haze incidents have taken place in China, and the whole society is now more concerned about air pollution problems, especially PM2.5. A sustainable ecological environment is of significant importance to people's livelihood. As the largest developing country in the world, China produces 26% of the global carbon emissions. Winter heating is considered as one of the major causes of winter air pollution in northern China. Using daily air pollution data from 2014 to 2016 collected via web scraping with Python, the study exploits the RD design based on the winter heating date and proves that winter heating makes the air quality worse in the north. According to the regression results from different pollution indicators chosen, the air quality has deteriorated by about 5% to 20%. Meanwhile, the study also finds that air pollution caused by winter heating has gradually been lowered by about 20% to 90% over the three years as a series of environmental policies have been carried out, such as heating renovation, fuel-switch projects, winter environmental inspection, and so on.
Similar to any other study, our study has some limitations. First, it does not discuss the formation of haze, which is a complex process. Our study aims to assess the impact of the winter heating policy on the air quality changes from an econometric perspective, and hereby a RD design is used to identify such a policy effect. Second, it does not distinguish the emission sources of coal and gas-fired heating. Indeed, ever since the implementation of the winter heating system, almost all the cities in the north have set up the coal-fired boilers. The Action Plan of air pollution prevention and control released in October 2013 demanded an increasing control of small coal-fired boilers and pushes fuel switching, including "coal to gas" and "coal to electricity". We can examine the efficiency of these measures taken to tackle the air pollution issue from the dynamic changes of air quality by the year.
A new Air Pollution Action Plan was released in 2018 by the State Council, announcing to reduce emissions of sulfur dioxide (SO 2 ) and nitrogen oxide by at least 15% and the urban concentration of PM2.5 by at least 18% for the cities not meeting PM2.5 standards, and decrease the highly polluted days by at least 25% by 2020 compared with 2015. Combining the atmospheric models to identify specific emission sources during winter heating and testing the efficiency of various measures used to control air pollution and improve air quality are the two areas that will be developed in our future research.
From our findings, we have a few recommendations for the policymakers as well. First, since coal burning is the major cause of air pollution, governments need to further boost the use of "clean energy" and provide the subsidies for relevant projects, such as using high-quality coal or natural gas, promoting the implementation of fuel-switch from coal to natural gas or electricity. Second, governments should also consider improving the heating efficiency by removing or rebuilding the primitive boilers, constructing central heating facilities, improving the efficiency of heating pipelines, and so on to reduce pollutant emissions. Third, local governments can also issue staggering peak production policies during the heating period to reduce the air pollution emissions. However, this study researches the coal-powered heating policy of China; it provides some guidance regarding environmental governance for other countries, especially where heavy air pollution is produced by their coal burning. 
